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We first review some basic properties of the most important classes of active galactic nuclei (AGN), 
including quasars, blazars, Seyfert galaxies and radio galaxies. The most commonly accepted type 
of scheme designed to individually unify the radio-loud and radio-quiet categories of AGN is based 
upon three parameters: black hole mass, accretion rate, and our orientation to the accretion flow. 
Some recent evidence from optical microvariability of several classes of AGN points in favor of a 
strong unification scheme that unites both radio-loud and radio-quiet categories. An important 
question concerning the nature of blazars and other AGN whose jet emission appears to dominate 
their spectral energy distributions involves the velocities of those flows. A variety of apparently 
contradictory observations can be reconciled if such flows are ultrarelativistic but have an opening 
angle of a few degrees. Radio galaxies (RGs) were much more numerous at redshifts ~2 than they 
are today. Combining this fact with the realization that older RGs at such redshifts are very difficult 
to detect, and with cosmological simulations of the growth of structure in the universe has led us 
to propose that RG lobes have impacted a significant fraction of the cosmic web of baryons. These 
impacts may have triggered extensive star formation and perhaps even engendered new galaxies; 
they also probably played important roles in the spreading of magnetic fields and heavier elements 
into the intergalactic medium. 
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I. INTRODUCTION 

As astronomers have probed the centers of galax- 
ies more deeply, with ever larger telescopes, and more 
broadly, with measurements ranging from the radio 
through the gamma-ray bands, the mysteries hidden 
there are slowly being revealed. It is now clear that 
a substantial fraction of, and very probably essentially 
all, galaxies house a supermassive black hole (SMBH) in 
their cores. As there seems to be a rough proportional- 
ity between the mass of these SMBHs and of the stars 
which comprise the spheroidal component of those galax- 
ies, e.g., 0, the idea that there is some intimate feedback 
between the formation of galaxies and their central BHs 
has become widely accepted over the past few years, al- 
though the exact nature of this feedback is currently be- 
ing actively debated. At any given time, a small fraction 
of these SMBHs behave as powerhouses, anchoring ac- 
cretion disks and jets which can produce the spectacular 
emissions arising from active galactic nuclei (AGN). 

In this paper I shall only note a few aspects of the 
manifold phenomena associated with AGN and shall fo- 
cus on some recent research which helps to tie together 
different classes of AGN. Section II contains a (very) brief 
tour of the zoo of beasts which together are usually clas- 
sified as AGN. In §111 a summary of the most common 
scenario which has been proposed to unify these appar- 
ently different animals is presented, though it must be 
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stressed that this picture cannot be a complete one and 
there are several viable variations on this theme. There 
are many excellent reviews of AGN, including three fairly 
recent monographs 0] [I- Please note that for rea- 
sons of space the list of references given in this rather 
broad ranging paper is quite sparse: nearly every one 
should be taken to include the prefix, "e.g.", and the 
suffix, "and references therein". Section IV describes 
some of our work on intranight optical variability (or mi- 
crovariability) which supports the idea that very similar 
processes are responsible for these fluctuations in several 
different types of AGN, and thereby strengthens the uni- 
fication scheme. Section V shows how some apparently 
discrepant observations of certain blazars can be under- 
stood if a simple modification to the usual jet picture is 
introduced and §VI discusses how radio galaxies can play 
a substantial role in triggering extensive star formation. 
A few key conclusions are given in §VTI. 

II. TYPES OF ACTIVE GALACTIC NUCLEI 

We can usefully begin our discussion of AGN by sepa- 
rating galaxies with truly active nuclei from pretenders to 
that title. Many galaxies contain large zones of star for- 
mation emitting a great deal of energy, but the activity in 
these starburst galaxies usually arises over length scales 
of several hundred parsecs. Other galaxies are disturbed 
by recent interactions, and their tidal tails or ring- like 
zones of enhanced star formation are spectacular, but 
they too do not meet our criterion of substantial activity 
concentrated in the very central region of the galaxy. In 
a true AGN much of the activity can be localized to a 
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region < 1 pc in size, and in the rest of this section we 
give the salient properties of the main classes of AGN 
beginning with the first type to be recognized. 

Seyfert galaxies are distinguished morphologically 
by a bright semi-stellar nucleus embedded in a spiral 
galaxy (usually of Hubble morphological type Sa or Sb) 
which emits roughly as much energy in visible wave- 
lengths as do all of the stars in that galaxy, i.e., ~ 10 44 
erg s _1 . This class of AGN was first recognized by Carl 
Seyfert [§J and the spectra he took revealed strong nu- 
clear emission lines, many of which were often very broad 
(up to 8500 km s" 1 , full width at zero intensity). Later 
examination of these Seyfert (Sy) galaxies |(| showed that 
they could be divided into two basic classes: the Type 
1 Sy galaxies, where these broad lines were present, but 
narrower lines with widths of several hundred km s _1 
were also seen for the same transitions as well as others, 
and the Type 2 Seyferts, which only showed the narrower 
lines. These narrow lines were still significantly broader 
than those found in normal galaxies and detailed anal- 
yses showed that they were emitted by partially ionized 
gas clouds of low densities, n e ss 10 3-6 cm~ 3 . The broad 
lines were only seen for permitted lines, and the lack of 
the corresponding forbidden lines implied that the gas 
clouds emitting them were of substantially higher densi- 
ties, n e ;> 10 9 cm -3 . The higher velocities of the broad 
line region (BLR) were taken to imply that the clouds 
producing that emission were moving faster, and were 
presumably in a stronger gravitational potential. 

Other key characteristics of all Seyfert galaxies include: 
(a) substantial variability in the optical band; (b) signif- 
icant and often rapidly variable x-ray emission, though 
Sy l's are much stronger hard x-ray emitters than are Sy 
2's; (c) usually very little radio emission, though sensi- 
tive measurements can usually find a weak radio source 
coincident with the optical nucleus. The quasi-thermal 
starlight in the central regions is usually overwhelmed 
by a "featureless continuum" in the Sy l's, whereas this 
continuum is more difficult to detect in Sy 2's. The fact 
that the x-ray emission can fluctuate by factors of two 
in the course of hours in many Seyfert galaxies implies 
that the length scales of these emitting regions are only 
light- hours. 

The sizes of the BLRs have been determined for several 
Sy l's through the technique of "reverberation mapping" 
[2j ■ Here the time lags between changes in the continuum 
flux and those in several different lines, corresponding 
to different ionization potentials, are carefully measured. 
Typical lags are a few days for lines such as N V A1240, 
several days for He II A4686 and over a dozen days for 
H/3 A4861, implying that the more strongly ionized gas is 
closer to the continuum source and the distances involved 
are ~ 0.01 — 0.1 pc. All indications are that the narrow 
line regions (NLR) lie at much greater distances, ^ 10 pc. 
A few per cent of spiral galaxies are Seyferts, implying 
that either all galaxies go through this phase for a few 
percent of their lifetimes or that only a small fraction 
of galaxies spend a larger part of their lives in such an 



active state. 

The next class of AGN to be studied were radio 
galaxies (RGs) , which were first noticed as pairs of radio 
emitting lobes straddling optical galaxies in the 1950s. 
As the radio maps improved it became clear that these 
extended lobes of the Fanaroff- Riley Type II (FR II, Q) 
RGs usually contained hot-spots which were being ener- 
gized by flows that could occasionally be seen as jets. Ra- 
dio galaxies with most of their emission coming from the 
jets themselves and concentrated toward the middle of 
the source were usually weaker and are usually called FR 
l's. The great majority of all extragalactic radio sources 
are associated with elliptical galaxies, and while some of 
those elliptical hosts are peculiar, many are not optically 
exceptional. Although the sizes of these RGs vary im- 
mensely, from total linear sizes of less than 1 kpc to over 
1 Mpc, sizes of ^300 kpc are typical. With the advent 
of Very Long Baseline Interferometry (VLBI) these jets 
could often be traced into the cores of the galaxies, and 
the "knots" in these jets often appeared to be moving 
outward from the very center 

The quasi-power-law spectra and high polarizations of 
the radio emission imply that we are seeing synchrotron 
radiation emitted by extremely relativistic particles (elec- 
trons and perhaps positrons too) moving in partially or- 
dered magnetic fields of ~ 10 -4 gauss in the hotspots 
and ~ 10~ 6 gauss in the lobes. The very large volumes 
of these regions implied that total energies of J> 10 60 
erg were not uncommon. The large sizes demanded that 
these RGs had to be turned on for many millions of years, 
though determining precise velocities of expansion and 
ages are impossible. All of these extreme properties mark 
RGs as the largest and most energetic connected objects 
in the universe. 

The VLBI components of RGs sometimes appear to 
be moving at superluminal velocities, which can be best 
understood as a special-relativistic effect which arises if 
the jet is pointing within a few degrees to our line-of- 
sight to the active core (§V.A). The launching of new 
VLBI knots usually corresponds to an increase in radio 
flux, and the temporal evolution of radio emission over 
a range of frequencies can be nicely understood in terms 
of shocks propagating down relativistic jets 0. 

The discovery of quasars in the 1960's brought the 
study of AGN to a level of prominence in astronomy 
which it has retained ever since, e.g., ^Jj. While the 
first quasars were discovered by finding apparently stellar 
optical counterparts to strong radio sources (hence, the 
catchy quasi-acronym, "QUAsi-StellAr Radio Source" , it 
was soon realized that many other highly luminous and 
apparently compact optical sources did not have signif- 
icant radio counterparts, and this led to the introduc- 
tion of the more general term, quasi-stellar-object, or 
QSO, with QSR explicitly denoting a "quasi-stellar ra- 
dio" source. When the high redshifts of QSOs were un- 
derstood their immense powers were deduced: optical 
luminosities in excess of 10 46 erg s _1 are normal for a 
QSO. It is currently believed that < 10% of all QSOs are 
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radio-loud (i.e., quasars in the formal sense) [Tl|, but all 
of them have very substantial emission in the infrared, 
ultraviolet and x-ray bands to go along with their huge 
optical outputs. 

The key feature of QSO spectra was a great similar- 
ity to that of the Type 1 Seyfert galaxies: extremely 
broad emission lines. Very careful studies eventually re- 
vealed "fuzz" around the QSOs which corresponded to 
galactic emission with the same redshift as that of those 
QSO lines, and so the consensus arose that QSOs, at 
least the radio-quiet QSOs (RQQSOs), were fundamen- 
tally Seyferts on steroids. Instead of having an extremely 
bright Sy nucleus with a power comparable to that of 
all the stars in the galaxy, a QSO has phenomenally 
bright nuclear emission which substantially outshines all 
of those stars, making the galaxy difficult to even detect. 
The spectral energy distribution (SED) of most QSOs 
could roughly be described as a power-law: F v oc v 
between the IR and UV bands, though there was often 
evidence of a "big blue bump" , or quasi-thermal com- 
ponent, in the (rest-frame) near-UV. A subset of QSOs 
also exhibit very broad absorption line troughs (corre- 
sponding to velocities up to 30,000 km s _1 ), implying 
the presence of strong outflows which are optically thick 
in these BALQSOs. 

As QSOs continued to be studied, they were also seen 
to be variable, though usually not as dramatically (in 
a fractional sense in a given length of time) as are the 
Seyfert galaxies. Nonetheless, changes of 10% or more 
over the course of a year were commonly seen, and a sub- 
set of Optically Violently Variable (OVV) quasars were 
identified; these QSOs might change their output by a 
factor of two over a year or by 0.1 magnitudes over a 
few nights. While the optical polarization of most QSOs 
is very small, a subset showed optical linear polariza- 
tion exceeding 3% or so, indicating a significant contribu- 
tion from synchrotron emission. This High Polarization 
Quasar (HPQ) subset is nearly isomorphic to the OVV 
group. 

BL Lacertae (BL Lac) objects are the fourth and last 
discovered of the main classes of observationally specified 
AGN. These were first thought to be very variable stars 
(hence the nomenclature) lacking usual stellar absorption 
lines, but in the late 1970s they were recognized to be 
powerful radio and x-ray sources, and hence, quite clearly 
non-stellar. However, their spectra are essentially fea- 
tureless, so that redshifts, thence distances and luminosi- 
ties, were, and are still, very difficult to estimate. But, 
as with the discovery of the galaxies in which quasars are 
embedded, more careful study allowed for the discovery 
of a few weak emission lines in some BL Lacs, and thus 
cosmological redshifts and high apparent powers were at- 
tributed to them. 

The key property of all BL Lacs is that the strong 
variability extends throughout the electromagnetic spec- 
trum, and the advent of gamma-ray astronomy showed 
that many BL Lacs were also powerful (but variable) high 
energy photon sources. This very rapid variability im- 



plied a very compact origin of most of the emission. One 
other important property of the BL Lacs is their high 
polarization in the optical, as well as radio, band. 

There appeared to be significant differences in the 
SEDs and redshift distributions of BL Lacs discovered 
in radio and x-ray surveys, so there was much discus- 
sion of RBLs vs. XBLs in the literature in the 1980s 
and early 1990s, but it now is clear that there are also 
many BL Lacs with intermediate types of SEDs. The 
key point is that all BL Lacs seem to have SEDs with 
two humps, with the one at lower frequencies dominated 
by synchrotron emission and the one at higher frequen- 
cies arising from the inverse Compton process. The lo- 
cations of the peaks of those maxima can be substan- 
tially different, depending on the maximum energies of 
the relativistic particles, and this gives rise to the appar- 
ent RBL/XBL dichotomy 

Because BL Lac objects, OVVs and HPQs all demon- 
strate rapid variability and high polarization, these types 
of AGN are now usually grouped under the common 
rubric of blazar. 



III. UNIFICATION SCHEMES 

For all types of AGN, the emission was seen to arise 
from the center of the host galaxy, and in the case of 
those with compact radio cores, VLBI could pin this 
down to roughly parsec scales that seemed to coincide 
with the very center of the galaxy. The variability seen 
in all types of AGN strongly supported the notion that 
their energies were mainly released on small scales, pro- 
ducing light travel times across them corresponding to 
those observed timescales of minutes to years. The im- 
mense energies involved demanded very efficient power- 
houses, since the brightest quasars implied the complete 
conversion into energy of many solar masses per year. 
Together, these points (and others) strongly implied that 
all AGN are somehow powered by accretion onto super- 
massive black holes, since: BHs are the most compact 
regions imaginable; BHs would be expected to exist at 
the centers of galaxies; accretion onto BHs can be very 
efficient, converting between 0.056 and 0.32 of the in- 
falling mass into radiation and mechanical outflows (for 
standard thin accretion disks, depending upon whether 
the BH is non- rotating or maximally rotating) [l3| . 

For example, if a SMBH has a mass of 10 8 M Q , its 
Schwarzschild radius, R s — 2GM B h/c 2 = 3 x 10 8 km ~ 
1 x 10 _5 pc. Temporal variations down to a scale of At = 
R s /c ~ 10 3 s would then be reasonable. If an accretion 
rate, M — 10M Q /yr of matter falls onto such a SMBH at 
an efficiency, e — 0.06, then L ~ 3x 10 47 erg s _1 , a typical 
quasar power, can be generated. Using the approximate 
relation for energy released falling into a gravitational 
pit, L ~ GMM /R, substituting in the above values of 
MsHO-ndM , and equating R to R s (since most of the 
radiation is emitted within a few times the Schwarzschild 
radius) one gets agreement to better than a factor of two, 



4 



thereby illustrating the strong plausibility of this scenario 
on spatial, temporal and energetic grounds [Io|.. 

Currently, the weakest form of unification, the hypoth- 
esis that all AGN are powered by SMBHs, is completely 
accepted. Going beyond this basic point things become 
more controversial, but the ideas that all (or at least 
most) radio-loud AGN can be unified through an ori- 
entation based scheme where jet direction plays a key 
role 0,0, and that all (or at least most) radio-quiet 
AGN can be unified through an orientation based scheme 
where an obscuring torus (or something similar) plays a 
key role |16|. are also widely accepted. 



A. Radio Quiet AGN 

The clinching evidence that the differences between Sy 
f and Sy 2 galaxies could mainly be explained by different 
viewing angles came from the discovery that the polar- 
ized emission of some Sy 2 galaxies did show the presence 
of broad lines [17j buried under the much stronger nar- 
row lines. This was interpreted as meaning that even 
though one couldn't directly see the BLR in an Sy 2, it 
was still present, but usually hidden by some optically 
thick torus on a scale of ~1 pc, i.e., bigger than the BLR 
but smaller than the NLR, so that both Sy 2's and Sy 
l's evince narrow lines, but only Sy l's allowed us to 
see their BLRs. But if there was enough of an ionized 
electron cloud above the axis of this torus then it might 
scatter (and polarize) a small fraction of the BLR and 
continuum emission into our line of sight. An obscuring 
torus (which is probably comprised of many smaller cold 
clouds containing dust within a roughly toroidal zone) 
would also explain why the non-thermal optical contin- 
uum was not present or much weaker in the Sy2's and 
why they were much weaker x-ray sources as well 16]. 
Statistical studies indicate that there are between 2 and 
3 times as many Sy 2's as Sy l's. This implies that only 
if we are looking within ~ 40° of the axis of the torus 
(which is presumably along the spin axis of the BH) will 
we see such a modestly powered AGN as a Sy 1, for larger 
viewing angles intercept the torus and allow us to only 
see a Sy 2. 

As noted above, the main difference between RQQSOs 
and Seyfert Is is the greater overall power of the QSO, 
since their spectra are very similar. A secondary differ- 
ence is the longer timescale over which detectable lumi- 
nosity changes are observed. Thus we can unify these 
two classes of radio-quiet AGN merely by saying that 
the QSO involves higher accretion rates onto more mas- 
sive BHs, and that for both Sy l's and QSOs we are able 
to see the continuum source (with a direct contribution 
from the accretion disk probably producing the big blue 
bump) and the BLR. All masses and dimensions arc big- 
ger for QSOs than for Sy's (say, M BH .s y ~ 1O 6 " 7 M , 
while Mb h, qso ~ 10 8_9 M Q ) in this picture. 

The long lasting problem for this radio-quiet unifica- 
tion scenario has been the lack of obvious equivalents of 



Type 2 Seyferts among the most luminous objects. If it 
is to hold, there should be roughly twice as many "Type 
2" quasars with only narrow lines visible as there are 
quasars, yet for quite some time there were no such crea- 
tures known. The discovery of ultra-luminous infrared 
galaxies (ULIRGs) provides a viable candidate for these 
Type 2 quasars, since the immense IR powers (~ 10 12 Lq) 
found for these objects could well be (at least partially) 
due to the optical/UV emission from a QSO being ab- 
sorbed by a dusty torus which then reradiates it in the 
IR [lj|. However, there is substantial evidence that most 
of the emission of many ULIRGs is dominated by more 
extended star forming regions, and that any AGN con- 
tribution often may be small. Still, since the ULIRG 
population appears to be high, even a fraction of them 
may comprise the Type 2 QSOs. Deep x-ray and sub-mm 
surveys also appear to be finding optically faint sources 
which may be the missing Type 2 quasars, e.g. |20|. 

An alternative (or supplement) to the orientation 
based unification scheme is a unification scheme more 
determined by temporal evolution. It is certainly pos- 
sible that the same active nucleus will have a radically 
different appearance over long periods of time as it ac- 
cretes at different rates and has different densities of gas 
in its vicinity. Recent work on growth of BHs which in- 
corporates strong feedback from the BH powerhouse on 
the galactic gas can nicely explain many things, includ- 
ing the evolutions of the QSO luminosity function over 
cosmological times [2l| . 



B. Radio Loud AGN 

The observation that the mean projected linear size 
of quasars was smaller than that of FR II RGs of sim- 
ilar high radio luminosities led to the suggestion that 
they were identical beasts, with the former being viewed 
within an angle of ~ 45° to the jet direction, while the 
FR lis were being seen closer to the plane of the sky [l5| . 
The larger number of RGs than QSRs in low frequency 
selected radio catalogs (where most of the emission comes 
from the extended lobes) is in accord with this idea for 
such a demarcation angle ^^|. Further, the more fre- 
quent detection of strong radio cores in quasars than in 
RGs is consistent with this picture, since Doppler boost- 
ing of a jet pointing relatively close to us would magnify 
the emission from the center in the case of quasars (see 
§§IV and V for some details). The apparent superlumi- 
nal motions seen in many quasars (§V) but not in FR 
II RGs also fits in with this jet orientation based unifi- 
cation hypothesis, so it is now widely accepted. Radio- 
loud quasars seen at the smallest angles to the jet axis 
then should correspond to most core-dominated quasars 
(CDQs) since the Doppler boosted central emission could 
then be substantially brighter than the intrinsically more 
luminous, but quasi-isotropically emitting, radio lobes. 
At intermediate powers, many of the FR II broad line 
RGs are taken to be the objects viewed at modest angles 
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to the line-of-sight while the narrow line RGs are those 
seen at greater angles p^ |. 

As for the weaker radio sources, the BL Lacs are now 
commonly taken to be the Doppler boosted counterparts 
of the FR I RGs. The statistics of these populations as 
seen at different radio frequencies are nicely explained 
if the BL Lacs are really FR I's viewed within a nar- 
row angle of ~10° to the line-of-sight [l^. If this is the 
case, and it almost certainly is, the BL Lacs are actually 
intrinsically weaker than other AGN classes, but their 
observed emission is dramatically boosted by special rel- 
ativistic effects. Some of the more powerful blazars, such 
as the OVVs, are probably better considered to be pro- 
duced by FR II RGs and are very thus very well aligned 
quasars. Differences in the observed optical lines (narrow 
line RGs vs broad line RGs) are in rough accord with 
the idea that the obscuring tori also exist in radio-loud 
AGN, but this is one of the least well established aspects 
of the unification scenario. Another poorly understood 
aspect of the nature of radio-loud AGN is the reason for 
the differences between FR I and FR II classes, though 
the power of the jet compared with the nature of the 
ambient medium thr oug h which it propagates probably 
plays the major role |22j. An even more important ques- 
tion is: why are some AGN radio-loud whereas most are 
radio-quiet? While there have been many proposals put 
forward to explain this fundamental dichotomy, quite a 
few involving the nature of the accretion flow, none is 
really satisfactory, e.g., [26| . 

It should be stressed that the basic unification schemes 
in which there is a single critical angle dividing Sy Is from 
Sy 2s and another pair of critical angles dividing QSRs 
from FR lis and BL Lacs from FR Is is very probably 
correct to zeroth order, but is also definitely an oversim- 
plification. The statistics of QSR/FR II jet lengths at 
different redshifts can only be explained if more powerful 
RGs have larger critical angles |24| and the x-ray prop- 
erties of Type I and Type 2 radio quiet AGN seem to 
require a wider torus opening at higher luminosities [25| . 
Differences in their x-ray properties also seem to imply 
that the so-called "low-excitation RGs" cannot be simply 
unified with the other classes of RG 26] . 



IV. MICRO VARIABILITY OF DIFFERENT 
AGN CLASSES 

One important way of understanding the relation be- 
tween radio quiet and radio loud AGN involves examining 
variations in their optical emission. The advent of CCD 
cameras allowed accurate differential photometry on sub- 
hour timescales, and the reality of such small (a few per- 
cent, or a few hundredths of a magnitude) microvari- 
ability for blazars was then convincingly established ■ 
These fast temporal variations provide unique probes of 
AGN, as they correspond to the smallest accessible phys- 
ical scales of these central engines. 

Monitoring of a variety of different types of AGN by 



groups based on every continent showed that radio-loud 
quasars also evinced microvariability, although less fre- 
quently than did blazars, e.g., (28|. The relative prox- 
imity of Seyfert galaxies makes them brighter than most 
quasars, but the rapidity of changes in atmospheric see- 
ing adds varying amounts of galactic light to their central 
regions, making the ground based optical microvariability 
results obtained for Sy's questionable. Since quasar and 
blazar emission is completely dominated by the active 
nucleus, differential comparisons of the QSO light-curve 
with those of at least two nearby stars of similar magni- 
tudes and colors enables the extraction of real variations 
of <; 0.01 mag, even in the presence of variable seeing, 
which is unavoidable in ground based photometry. 

We proposed that a careful search for optical mi- 
crovariability in radio quiet QSOs (RQQSOs) might re- 
veal something important about their central engines, 
but our early attempts led to only marginal detections 
29] . If no rapid variations could be detected down to very 
small levels, then the idea that small fluctuations in the 
jets dominate the variable optical emission would be sup- 
ported, since it was logical to assume that RQQSOs did 
not possess the jets characteristic of radio loud quasars 
(RLQs) and blazars; whereas if microvariability could be 
detected for RQQSOs, but if it were of a distinctly differ- 
ent character from that of radio loud AGN, then fluctua- 
tions arising from accretion disks could well be involved 
in the RQQSOs 30] . To properly explore this question we 
carefully monitored a group of 27 sources which was com- 
prised of samples of RQQSOs, RLQs, CDQs and BL Lacs 
with similar distributions in redshift and optical magni- 
tude |3l| . This extensive program used improved instru- 
mentation on the 1.0 m telescope at Nainital, India, and 
very careful analysis techniques. Over 100 nights of data 
taken over the course of several years were collected so 
that most sources were observed for at least 6 hours on 
a few nights in more than one observing season |32| . 

The key result of our campaign was that microvariabil- 
ity could be convincingly detected for all four classes of 
AGN, including the RQQSOs, when the threshold for de- 
tection was about 0.01 mag over the course of a night's 
observing [311 ] and the differential photometry had er- 
rors below that threshold. Unsurprisingly, blazars were 
active significantly more often than were RQQSOs. On 
the other hand, the following result was somewhat unex- 
pected: there was no statistically significant difference in 
the duty cycles of the RQQSOs, RLQs and CDQs. For 
each of these three classes microvariability could be de- 
tected in ~ 20% of the nights the sources were observed, 
whereas for BL Lacs this duty cycle was ~ 70%. When 
this intranight optical variability was broken down by 
the magnitude of detected variations, essentially all of 
the fluctuations > 0.03 mag belonged to BL Lacs, while 
the smaller variations were essentially detected equally 
as often for all four classes [3^ (34|. The small duty 
cycles and always small amplitudes of the microvariabil- 
ity for RQQSOs explained why earlier programs, most of 
which had worse signal-to-noise and/or sparser sampling 
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and/or shorter nightly monitoring periods and/or less 
careful data analyses, were unable to clearly find RQQSO 
intranight variability. 

The important result that RQQSOs show essentially 
the same variations as do RLQs indicates that their vari- 
ations probably have the same origin. While RQQSO 
fluctuations could arise from accretion disks, while the 
stronger variations seen in blazars (here the BL Lacs plus 
the single high polarization CDQ in our CDQ group) 
could arise from jets, we argue that a single mechanism 
could easily account for all of the variations |H| [? ]■ 
Define the Doppler factor as 



S = [r(l - /3cos6 



(1) 



with v = (3c, r = (1 — P 2 ) 1 / 2 , and 9 the angle between 
the jet and our line of sight. Then the observed flux is 



C , _ xn+a c 



(2) 



where n = 2 if the emission arises from a continuous jet 
and n = 3 if from a knot (usually associated with a shocks 
in the jet), and where a is the spectral index (S v oc u~ a ). 
As noted above, the strong rapid variations for blazars 
seen on longer timescales have long been attributed to 
such large Doppler boosting from relativistic jets (for Y J> 
10) 0. 

We found that such relativistic motions could just as 
nicely produce the observed properties of AGN microvari- 
ability. The relative fluctuations are most strongly en- 
hanced at the smallest viewing angles. The timescale over 
which the amplified fluctuation would be observed, Ai b s , 
also shrinks as the approaching jet becomes very closely 
aligned with our point of view, since Ai b s = Ai em /c>, 
thereby making them much easier to detect in a given 
night and increasing the observed duty cycle |3l| . In 
other words, the most probable explanation for all optical 
microvariability seen so far is that it arises from relativis- 
tically moving plasma in the innermost (<C 1 pc) portion 
of the AGN; however, something happens to destroy the 
jet (or at least eliminate its radio emission) by the ~ 1 
pc scale at which VLBI could, but doesn't, detect radio 
knots in the majority (i.e., the radio quiet class) of AGN. 
Exactly what mechanism aborts these jets is currently a 
matter of speculation. 

Even though we do not believe that the variations we 
have detected arise directly from accretion disks, it is 
worth noting that they may actually originate in the 
disks. This is because disk instabilities can drive changes 
in the mass flux entering the jets and/or the velocity 
of the jets. Those perturbations would yield the actual 
changes in S^em, which are in turn amplified by relativis- 
tic motions, since the jets are almost certainly launched 
from the accretion disks 1351 ■ 



V. CONICAL JETS AND THEIR 
IMPLICATIONS FOR BLAZARS 

A. Reconciling Fast Jets with Slow Knots 

A growing subset of blazars have been found to emit 
very high energy (TeV) photons [36j. The most prob- 
able mechanism for explaining 7-ray emission involves 
inverse Compton scattering of the synchrotron photons 
off the extremely relativistic electrons in the jets; this is 
the synchrotron-self-Compton (SSC) mechanism. Inverse 
Compton scattering of external photons, arising from the 
accretion disk or the broad line clouds, may also con- 
tribute to the high energy spectrum. If TeV energies are 
reached, very large values (approaching 100) of the bulk 
jet Lorentz factor JT, are favored by detailed models of 7- 
ray emission (3?| [3g , particularly since the cross-section 
for such energetic photons to be absorbed by the inter- 
galactic IR background to yield e + e~ pairs is a real con- 
straint. On the other hand, the radio knots discovered in 
these TeV blazars have been found to show surprisingly 
low values of the apparent transverse velocity, with the 
majority of components apparently subluminal, e.g., [38| . 
Since the expression for the apparent transverse speed is 



Pa 



P sin6 
1 - P cos(9' 



(3) 



low values of P app are not anticipated if Y is very high (so 
that P — ► 1) and 9 is very small ~ 1/r, as is expected for 
blazars. The statistics of these relatively slow component 
motions would imply that the typical Y factor is only 
~2-4, where the usual assumption of a cylindrical jet is 
made. 

This large discrepancy in apparent jet velocities has 
attracted substantial attention and several possible ex- 
planations for this observational result have been pro- 
posed. One hypothesis is based on the earlier idea that 
the jet possesses a "spine-sheath" structure, e.g., [39| . 
If the central core (spine) is ultrarelativistic and thus 
capable of producing the TeV photons, while the outer 
layer (sheath) is only mildly relativistic, the sheath could 
yield the observed radio emission with knots showing only 
modest apparent velocities ^(j- A second proposal is 
that the jet has a strong longitudinal velocity gradient 
instead of a strong transverse one; i.e., the jet deceler- 
ates dramatically between the sub-pc scale at which the 
7-rays are produced and the ~pc scale at which the radio 
emission emerges |4l[ . A third way around this conun- 
drum is to assume that the viewing angle to the source is 
typically 9 -C 1/r, but this is statistically very unlikely 
[38| . While the spine-sheath hypothesis remains viable, 
the decelerating jet proposal has energetic problems and 
also is possibly contradicted by the the result that blazar 
jets appear to retain roughly the same Lorentz factor all 
the way out to multi-kpc scales when reasonable esti- 
mates can be made, e.g. |42|. 

Recently we 01 have proposed another alternative, 
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which dispenses with very large velocity gradients across 
the jet, very rapid deceleration, or extremely unlikely 
tiny viewing angles. Instead we noted that both observa- 
tions ^3 and theory and simulations indicate that jets, 
at least on the very small scales of interest, should have 
significant opening angles, and are better described as 
conical than as cylindrical. Thus we investigated how 
jets with constant speeds but finite opening angles (full 
opening angle = lj) would appear to us if the viewing 
angle, 9 ~ lj. 

In terms of the emitted flux S e , the observed weighted 
flux is 

S , w = f 6 n (fl) S e (Cl) dn = A{9)S ei (4) 
Jn 

where we have integrated over the solid angle f2 corre- 
sponding to the opening angle lj and we have defined the 
mean amplification factor, A{&). An integration of the 
(boosted) flux weighted apparent velocity over the jet 
cross-section yields the weighted observed value of the 
apparent velocity of the jet, 



flu 



/3(o) s n (n) ds e (n) dn. (5) 



Note that the resultant vector is along the line joining 
the directions of the core and the center of the jet's cross- 
section. If 9 < lj/2 then part of the jet is on the "other 
side" of the viewing axis and that part reduces the ap- 
parent speed. 

The key result that emerges from allowing for the ex- 
pected finite opening angle of a jet is that even ultra- 
relativistic jets would usually appear to be modestly su- 
perluminal, and only very very rarely would a value of 
fl < T be seen. For instance, even for the extreme case 
of r = 100 and a modest total opening angle, lj = 5°, 
over 73% of the radio components would be detected with 
Vapp < 10c, while for lj — 10°, over 87% would fall into 
this category. Over 41% (for lj — 5°) and over 69% (for 
lj = 10°) would actually be seen as subluminal sources. 

Thus the predominance of marginally superluminal or 
even subluminal motions for VLBI knots among the TeV 
blazars does not imply that their jets cannot be ultrarel- 
ativistic. Instead, a combination of high L factors and 
modest jet opening angles can just as well explain the 
preponderance of low v app values. At the same time, 
high r factor jets (> 15) are demanded to efficiently 
produce the TeV photons by inverse Compton scatter- 
ing (such relatively modest values emerge from models 
only when de-reddening of the TeV spectrum by the IR 
background is ignored) and higher values (r > 40) are 
usually required when the TeV spectrum is appropriately 
de-reddened 1361 . 



B. "Observed" and actual Lorentz factors 

Very Long Baseline Interferometry (VLBI) measure- 
ments of the apparent motions of the parsec-scale radio 



knots have often been used to constrain a combination 
of r and 9 [45|. The degeneracy can only be broken by 
combining these data with additional observations, such 
as flux variability, or high-energy photons from the SSC 
mechanism. In these analyses it also has been customary 
to assume (often implicitly) a narrow cylindrical geome- 
try for the jet, but as discussed above, a conical structure 
is more reasonable. 

We have just extended the conical jet model to modify 
the procedure that is usually followed to infer L, by com- 
bining the apparent (often superluminal) speed, v app , of 
VLBI components with the estimated value of the bulk 
Doppler factor, 5, of the jet whose axis makes an angle 
9 from the line-of-sight The value of S can be esti- 
mated from radio observations of flux variability associ- 
ated with a new VLBI component ("knot"), by adopting 
some maximum physically attainable value for the intrin- 
sic brightness temperature, T max |47T |. This T max is most 
reasonably set by the equipartition condition ~5x 10 10 
K 48]. If an appropriate variability timescale, T a hs is 
found corresponding to an observed flux variation AS 
measured at a frequency then TB,obs oc &.S/{T b s v) 2 
and 5 = (TB,obs/T max ) 1 ^ 3+a ^ This method, which 

actually produces a lower bound to 5, or 5 m im has been 
used frequently because it does not require VLBI mea- 
surements. 

Equations (1) and (3) can be combined to solve for L 
and 9 of the knot in terms of f3 app and 8 m i n ; assuming a 
cylindrical jet [5(J 



fl, 



app 



S 2 ■ +1 

mm 1 



2(5,-, 



tan 9 



2fla 



5 2 ■ 

' ill III 



32 1 p _ 1 - 



(G) 



(7) 



One can now quantify how the solutions for L and 9 
(Eqs. 6 and 7) are affected when an allowance is made 
for the jet's conical geometry (with a finite full opening 
angle, lj), which, as mentioned above, can be several de- 
grees on parsec scales. The effective value (that which 
would be observed) of S e is 



(8) 



These effective parameters can now be used to compute 
the values of T^f and that would be inferred from 
the standard formulae and then these inferred values can 
then be compared with the actual intrinsic values of L 
and 9 adopted for the jet. 

We find that the characteristic behavior of Lj n f de- 
pends on 9. For 9 less than some critical angle, 9 C ~ lj/2, 
Lj n f remains essentially constant at a value which can be 
much smaller than T. The computed expectation value 
is dominated by this reduced Fj n f, since for 9 > 9 C the 
probability of viewing such a source, p(9), drops drasti- 
cally. Approaching the critical viewing angle from below, 
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a sharp rise in r; n f to a value above T is found, the am- 
plitude of which is more pronounced for larger uj. At still 
larger 9 > C , T[ n { declines rapidly and asymptotically 
approaches T; however, the chance of seeing a source in 
either of these last two regimes is very small. This be- 
havior arises from the spatial sharpness of the region of 
strongest Doppler boosting, across which the gradients 
of Papp and A can be positively or negatively correlated. 

The expectation values, (6> inf ), are found to be virtually 
independent of lo, and we find {6- m $) ~ 1/1. 8I\ quite a 
bit smaller than the usually assumed 1/r 46] To summa- 
rize, the standard procedure of estimating T and 9 from 
flux variability yielding S can grossly underestimate their 
values if the jets are highly relativistic and have modest 
opening angles. Often the standard procedure, cf. ^3 
may yield implausibly precise alignment (0; n f <C 1°) even 
when the true viewing angle (to the axis of the jet) is a 
few degrees. 

Ultrarelativistic bulk motion in the VLBI jets, as ar- 
gued here to be in accord with a wide variety of obser- 
vations, has other observational implications. One such 
is that the deprojected length of jets as well as the ra- 
dio lobe separation could be substantially overestimated, 
since the actual viewing angle is often much larger than 
the value 6- m {, inferred by assuming the jet to be cylin- 
drical. 



VI. THE INTERFACE BETWEEN RADIO 
GALAXIES AND COSMOLOGY 

There are many reasons for believing that the interac- 
tion of AGN with their environment can have a substan- 
tial impact on that environment. Over the past few years 
it has become clear that the energy released by AGN, 
most likely through the mechanical input from jets, is 
sufficient to stop the cooling of gas in many clusters of 
galaxies which would otherwise produce too much star 
formation in the giant galaxies at the centers of clusters 
of galaxies; [SlJ provides a recent review of this topic. 
It is also quite clear that the immense energy emitted 
by AGN over their extensive lifetimes may have other 
dramatic impacts on a multi-phase intergalactic medium 
(IGM). In particular, we have proposed that the radio 
lobes inflated by AGN were sufficiently numerous and 
large during the "quasar era" , roughly from redshifts of 
1.5 to 3, to have a significant positive influence on the 
rate of star formation outside the central galaxies, the 
spreading of magnetic fields into the IGM and the injec- 
tion of metals into the IGM [13 HI- Several of 
these conclusions have also been reached independently 
by other authors working from different lines of evidence 

[El H3 m m. 

Our argument for the importance of radio lobe impact 
is based on a few key points [H^. Even though powerful 
RGs and quasars are very rare in the local universe and 
are not currently capable of making an impact outside 
their local clusters, this was not the case if we go back 



several Gyr. First, powerful radio galaxies were much 
more common during the quasar era, with a co-moving 
density for FR II RGs at those redshifts nearly 10 3 higher 
than it is today [6(j . The star formation rate in galaxies 
also seems to have peaked during that epoch, e.g. [6l|], so 
the possibility that there is a causal connection, and the 
direction in which it points, demands an investigation. 

Second, the radio galaxies which are observed in flux 
limited surveys are only a small fraction of those which 
are actually active, particularly at higher redshifts. Be- 
cause of the combined influence of adiabatic losses, syn- 
chrotron losses and inverse Compton losses against the 
microwave background photons (which rises in impor- 
tance as (1 + z) 4 ), even intrinsically very powerful jets 
provide radio powers that can only be detected for a few 
million years in currently complete catalogs |62j. Hence, 
many sources may continue to grow to sizes of the order 
of a megaparsec if the RGs are energized for times exceed- 
ing 10 8 yr, but they would normally not be detectable at 
those large sizes. 

Third, for these giant radio lobes to affect a significant 
fraction of the baryons which will collapse to make new 
galaxies, they do not need to permeate the entire IGM; 
rather they need to impinge upon only the fraction of the 
total volume which is in the filamentary "cosmic web" at 
z ~ 2. High quality cosmological simulations indicate 
that this fraction is just a few percent then [§3 [6^, so 
that the RGs, which are likely to be triggered in the most 
massive rapidly forming galaxies at the intersections of 
those filaments [§3 Hjj i wm be well situated to impact 
those regions, which we call the "relevant universe" . The 
fourth reason why the fraction of the relevant universe 
impacted by RGs probably is ;>0.1 is that several gener- 
ations of RGs are expected to be triggered during the ~ 
2 Gyr long quasar era. 

The hypothesis that radio jets are capable of triggering 
star formation is an old one 65], and many other people 
have shown that their impact could be strong on scales 
below 100 kpc where it can help explain 66] the strong 
correlation in direction between radio structures and ex- 
tended emission line regions [67j ■ Although the values of 
gas densities at large distances from active galaxies is not 
known well enough to allow a firm conclusion, it does ap- 
pear that powerful radio jets will remain over-pressured 
with respect to that external medium out to distances of 
at least several hundred kpc [52^]. Under these circum- 
stances, the bow shock at the edge of the cocoon can 
trigger extensive star formation in an IGM containing 
cooler, denser, clouds, as shown by several recent hydro- 
dynamical and magnetohydrodynamical simulations |6S| 

m M Iz2 E3 Iza- 

Since magnetic fields appear to be in rough equiparti- 
tion with the relativistic plasma throughout the extended 
radio lobes, where they have typical strengths of several 
/jG, the hypothesis that those AGN ejecta provide much 
of the even weaker magnetic fields which permeate the 
ICM and cosmic web [74| is a distinct possibility [§3 E3 
|5*H |75|. In addition, the discovery of significant abun- 
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dances of metals in intergalactic clouds, e.g. [76( demands 
some way of transporting them from their source in quite 
distant galaxies. Although several other possibilities have 
been suggested, the idea that these are also carried out 
with expanding radio lobes seems to be very attractive 

[E| |H3. 

Although the scenario where radio lobes accelerate, 
and perhaps sometimes trigger, galaxy formation at red- 
shifts ~ 2 is very attractive, and has the other positive at- 
tributes discussed in the previous paragraph, it requires a 
great deal of additional investigation. The conclusions so 
far have been based on using the model for radio source 
evolution given by Blundell et al. which assumes 

that the typical lifetime for the central engine activity 
is 500 Myr. Since the volume filled by the lobes scales 
as T ac/ 7 H3i pinning down this parameter (along with 
several others) is very important. 

There are other recent models for RG evolution jj^ 
[78| . all of which purport to provide adequate matches 
to the joint distributions radio-power, projected size and 
redshift seen in low frequency selected catalogs. Our re- 
cent work has shown that none of these models r eally 
provide simultaneously good fits to all of these data [7!j , 
but that the better fits are found for 150 Myr < T act < 
250 Myr, implying that the lobes may fill only ~ 0.1 of 
the relevant universe, as opposed to the ~ 0.5 fraction 
inferred earlier [H^ . We are currently producing modifi- 
cations to these radio galaxy evolutionary models which 
are providing somewhat better fits to the extensive data 
sets [80J. Our goal is to extend these models to include 
the contributions from jetted core sources. This would 
allow us to simulate deeper catalogs, such as FIRST and 
NVSS, that have been produced at higher radio frequen- 
cies and where host galaxies and quasars can be identified 
through matching to optical catalogs such as the SDSS 

m 

VII. CONCLUSIONS 

The immense range of phenomenal phenomena asso- 
ciated with active galaxies has made their study one of 
the most exciting areas of astrophysics over the past four 
decades. Our understanding of AGN is far from com- 
plete, but dramatic strides have been made. It is now es- 
sentially certain that the emission of radiation and, very 
often, jets, is associated with accretion onto supermas- 
sive black holes. Studies ranging from the radio through 
the gamma-ray bands have allowed us to build unifica- 
tion models that work very well (but not perfectly). The 



key conclusion from an immense amount of work is that 
many of the features apparently distinguishing classes of 
AGN are due to differences in the mass of the SMBHs, 
the accretion rates onto them and the angles at which we 
happen to view those accretion flows. 

Our recent work on microvariability of various classes 
of AGN certainly supports the orientation-based unifica- 
tion hypothesis; however, it also implies that relativistic 
jets emitting optical radiation are very common on the 
innermost scales, but that such jets often do not extend 
out to the parsec scales where radio knots are seen. Fur- 
ther extensive monitoring of even larger samples would 
be very helpful to confirm or challenge this hypothesis; 
if confirmed, a good explanation of how such jets may 
be quenched is needed. On a related front, our work 
has shown that several difficulties related to blazar jets 
might be overcome if they are moving faster than usu- 
ally assumed, and have bulk Lorentz factors frequently 
exceeding 30, but also have a finite opening angle of a 
few degrees. Here too, additional work is needed to see 
if these assumptions are consistent will all existing data. 

The interplay between active galaxies and the growth 
of structure in the universe has become a very active topic 
over the past few years. The feedback from AGN onto 
the gas which is in the process of forming new galaxies 
may have both inhibitory and excitatory aspects, and 
we have focused on the latter. Supersonically expanding 
radio lobes cover extremely large volumes, and if over- 
pressured with respect to a multi-phase IGM they can 
trigger extensive star formation and perhaps the birth 
of entire galaxies. These radio lobes also may have key 
roles to play in spreading both magnetic fields and metals 
throughout the universe, so more detailed theoretical and 
observational studies of all of the ramifications of this 
scenario would be most worthwhile. 
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